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We study the response of spin and charge order in single crystals of La; g75Bag 1,5CuQ, to uniaxial stress
through '*La nuclear magnetic resonance and *Cu nuclear quadrupole resonance, respectively. In unstressed
La; g75Bag 125Cu0y, the low-temperature tetragonal structure sets in below 7irr = 57 K, while the charge order
and the spin order transition temperatures are Tco = 54 K and Tso = 37 K, respectively. We find that uniaxial
stress along the [110] lattice direction strongly suppresses Tco and Tso, but has little effect on 7prr. In other
words, under stress along [110] a large splitting (21 K) opens between Tco and Tirr, showing that these
transitions are not tightly linked. On the other hand, stress along [100] causes a slight suppression of 7;rr but has
essentially no effect on To and Tyo. Magnetic field H along [110] stabilizes the spin order: the suppression of
Tso under stress along [110] is slower under H || [110] than H || [001]. We develop a Landau free-energy model,
and we interpret our findings as an interplay of symmetry-breaking terms driven by the orientation of spins.

DOLI: 10.1103/PhysRevB.108.205113

I. INTRODUCTION

One of the leading open questions in the research of
high-temperature superconductors is the relation between
competing electronic orders. Even though stripe charge or-
der (CO) is ubiquitous in cuprates, the relationship between
static charge and spin order (SO) remains incompletely un-
derstood. This is partly due to the limited number of systems
in which both can be studied. The other reason is that the
structural, electronic, and magnetic degrees of freedom are
intertwined in these orders. In La,_,Ba,CuQ4 (LBCO) close
to x = 1/8 doping, CO becomes pinned as the symmetry of
the lattice changes from low-temperature orthogonal (LTO)
to low-temperature tetragonal (LTT) at Tyrr = 57 K. At this
doping, the CO sets in below Tco ~ 54K, and SO transi-
tion temperature Tgo reaches its maximum value [1-4] of
~ 40 K. In contrast, the bulk superconducting transition tem-
perature (7;) is strongly suppressed. 7, rapidly increases for
doping away from 1/8, even though the structural transi-
tion and CO/SO persist. It was initially hypothesized that
the structural symmetry of the LTT phase is necessary for
CO/SO to condense. However, Hiicker et al. [S] have shown
in La; g75Bag 12sCuQy4 under hydrostatic pressure that CO/SO
appear even when long-range LTT structural order was sup-
pressed, which softened the structural symmetry restriction.
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Follow-up studies found that CO was persisting in the pres-
ence of local LTT lattice deformations

[6,7], which put the role of structural symmetry in this
compound in focus again. A similarly ambiguous connection
of stripe order to the structure is also seen in other rare-earth
doped systems (Lay_,_,R,Sr,CuO4, R = Eu, Nd), where CO
is known to appear within the LTT phase or at least close
to Tipr [4-12]. A complex interplay of disorder, symmetry,
and electron correlations completely changes how CO/SO
appears.

In this paper, we use nuclear magnetic resonance and nu-
clear quadrupolar resonance (NMR/NQR) to systematically
study the phase diagrams of SO, CO, and LTT structure
onset in the archetypal stripe compound La; g75Bag 125CuQy,
controlled by in-plane uniaxial stress (o) in the [100] and
[110] directions (see Fig. 1). It has previously been re-
ported with SR that stress approximately along [110] rapidly
suppresses Tso in Laj ggsBag115CuO4. Here, we find that
Tso is also strongly suppressed by stress along [110] in
La; g75Bag 125Cu0O4 although the SO is more robust than for
x = 0.115: larger stress is required. As magnetic field (H) is
required to carry out the NMR measurements, we find that
Tso is suppressed more slowly for H || [110] than H || [001],
pointing to a nontrivial interplay of spin direction and lattice
symmetry. The CO shows the equivalent response to external
stress, and the onset temperature Tco is strongly suppressed
by oti10;. However, Trrr shows only a mild response to ap-
plied stress. As a result, oy119; causes Tgo to separate from
Titr, with Tyt — Tco ~ 21 K at maximal induced strain.
This unexpected result resolves how structural symmetry af-
fects the formation of stripe order in cuprates. We discuss

©2023 American Physical Society
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FIG. 1. Schematic of characteristic in-plane symmetry-breaking
strains (a) By, (orthorhombic) and (b) B, (thombic), and (c) symmet-
ric, Ay, and Ay . The unstrained lattice in the foreground illustrates
how the strain is applied with respect to the CO and SO parameter
Wp,,, structural symmetry-breaking order parameter ®5,, (octahedral
tilts). By, and By, denote the irreducible representations of Dy, point
group. Strain directions are expressed in the principal axes of the
HTT phase (see the text).

these findings as an interplay of symmetry-defined terms in
a self-developed Landau free-energy model that simultane-
ously shows a good agreement with earlier data dependence
of Tco.so to hydrostatic pressure.

The paper is organized as follows: in Sec. II, we explain the
experimental methods used in the study; in Sec. III, we present
the results of La NMR and Cu NQR; in Sec. IV, we present the
Landau free-energy model developed to analyze our results; in
Sec. V, we discuss our findings; and we summarize in Sec. VI.

II. EXPERIMENTAL METHODS

The La; g75Bag 125CuQy single-crystal samples were grown
with the traveling solvent floating-zone method described in
Ref. [13]. Samples were first properly aligned by Laue scatter-
ing and cut along the specific crystallographic directions in the
high-temperature tetragonal (HTT) phase. The typical sample
size used in the experiment was 4 x 1 x 0.5 mm?, where the
longest dimension was either [100] or [110], and the shortest
was along [001]. By [110], we denote the direction along the
diagonal of the CuO, square lattice with Cu in the corners, and
by [100] the direction along the Cu—O bond [see Figs. 1(a) and
1(b)]. When a symmetry-breaking stress is exerted on the sam-
ple, neither phase remains strictly orthorhombic (above Tirr)
nor tetragonal (below Trrr). However, we will continue using
the same notation to prevent potential confusion and to stay
consistent with the notation used in other articles on the topic.
We characterized both samples by SQUID magnetometry in
low magnetic fields of 20 Oe. They showed the same behavior
below 40 K and a bulk 7, of about 5.5 K as in Ref. [14].

NMR data on lanthanum (spin I = 7/2, y,/2m = 6.0146
MHz/T) were collected on a central (+1/2 < —1/2)
transition of the '*La spectra using a Tecmag spectrometer
with a Hahn echo pulse sequence 7/2 —t — m. Typical
/2 pulse length was 0.5 us and v = 17 us, while pulse
power was 0.5 W. With a magnetic field of 7 T, the
spin-lattice relaxation rates Tl’1 were measured at frequency
w, = 42.18 MHz. T;™' relaxation rates were determined by
a saturation-pulse recovery sequence, after which the data
were fit to a relaxation curve [15,16] for I =7/2: f(t) =
(1/84)e= /T 4 (3/44)e=©/T)" 4 (75/364)e15/T)" 4
(1225/1716)e=8/T’  The phenomenological stretching
exponent s gives insight into the distribution of the relaxation
times 7;. The s > 0.5 implies the Gaussian 7} distribution
on a logarithmic scale with full width at half-maximum
(FWHM) across an order of magnitude and 7} & T} median-
When s < 0.5, the distribution widens drastically, and the
fitted 77 no longer represents the distribution median [17].
NQR data on *Cu were collected on the high-frequency
signal (the so-called B-line) from Cu sites near the dopant
Ba ions [18]. Since in La; g75sBag 125CuQy4 the B-line is well
separated from the low-frequency A-line, it can be analyzed
directly without additional spectral deconvolution. To acquire
the signal, we employed the method reported in a previous
work [19], using a Hahn echo with a typical 7 /2 pulse length
of 0.7 us and 7 =4 ps. Since the Cu NQR line intensity
rapidly diminishes [20-24] at the onset of CO, this was
utilized to determine T¢q.

To induce strain, we employed a uniaxial strain cell de-
scribed in [25] (partly shown in Fig. 7). The applied stress
was varied by applying voltages V = 200V, with which
we were able to induce a strain up to & & 1%, depending on
the sample orientation and dimensions. To deduce the applied
stress [0 (GPa)] from the measured strain [ (%)], we used the
cuprate elasticity data from [26]. Technical details are shown
in Appendix A.

II1. RESULTS

In Figs. 2(a) and 2(c) we present the measured temper-
ature dependence of the spin-lattice relaxation rate Tl’1 for
stress applied along the [110] direction. €119 denotes the in-
duced strain along the [110] direction, obtained under oy¢.
Poisson’s-ratio expansion in the transverse directions is im-
plied. The magnetic field of 7 T was oriented along the crystal
[001] axis. In the unstrained sample, Tfl starts to increase be-
low 55 K as CO sets in. With cooling, a critical slowing down
of spin fluctuations causes T]_1 to increase by three orders of
magnitude before reaching a maximum value at Tgo= 37 K
at zero strain. With further cooling, Tfl slowly decreases
as the fluctuations of the SO continue to slow down. For
H || c, such a temperature dependence of '*La T1_1 has been
shown [23,27,28] to deviate from the Bloembergen-Pound-
Purcell (BPP) mechanism [29]: Tl_l(T) = y2h%tc(T)/[1 +
a)i tf(T)], where hy is the local field fluctuating at the nuclear
site, y is the gyromagnetic ratio, wy, = yH is the nuclear
Larmor frequency, and t.(T') = 1 exp(E,/kgT) is the elec-
tron relaxation time, t. with an activation energy E,,. Tl_l(T)
is somewhat better described by the extended BPP model
where E, is introduced with a normal distribution of values
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FIG. 2. (a) Temperature dependence of *’La spin-lattice relax-
ation rate 1°7,™" for H || [001] and stress applied in [110]. Maximum
in Tl‘] coincides with Tso. Lines are guides to the eyes. (b) Normal-
ized intensity of ®*Cu B-line measured by NQR under &;;¢; strain.
The lines are fitted to a phenomenological function I(T) (see the
text). (c) T1_1 measurement at uniaxial strain &9y = 0.4% in a wide
temperature range shows an anomaly at Tirr =~ 56 K. In the inset,
stretch exponent s drops slightly at 7irr, then to s = 0.5 close to Tso.
The legend shows the values of measured &;10; and e[o0; strain.

of a typical width 80 K, although it still cannot account for
the complete behavior. The distribution of E, is typically
explained by the intrinsic level of disorder in the cuprates.

Nevertheless, we shall discuss some aspects of the observed
Tl_1 (T) dependence (however, only qualitatively) through
BPP model parameters since despite its limitations, no better
model is currently available.

When stress is applied along [110], for measured &y
strain values larger than 0.1% (=~ 180 MPa), Tso shifts to
lower temperatures. Also, the peak value of Tl_1 at Tso de-
creases. The width of the SO transition does not broaden, even
at the highest stress value where Tgg is reduced by more than
35%, indicating a high level of strain homogeneity, and no
increase of the E, values distribution as the sample is com-
pressed. For temperatures below Tso, we see that the relax-
ation values under stress are not simply shifted like those for
T > Tso, but that the values smoothly connect to the Tl’1 (T)
dependence measured at zero stress, so that Tl’l(T, &[1107)
remain practically unchanged down to 20 K. Within the BPP
model, this would indicate that the electronic fluctuation time
7. is unaffected (or reduces together with hg) by stress, and
is determined by the absolute temperature value 7' rather
than 7 — Tso. This is not what is typically observed with
the suppression of a magnetic transition by doping or strain.
One would expect that (e.g., see Fig. 3 in [30] or Fig. 6 in
[31]) as oy110) destabilizes SO, an increase in spin fluctuations
would increase Tl_' for T < T5o. Current behavior indicates a
complex relationship between H and fluctuations of stripe SO.

To characterize the response of CO to &[;10;, we measured
the temperature dependence of the integrated intensity of the
high-frequency copper NQR signal (B-line) in the vicinity
of Tco, shown in Fig. 2(b). It has been well established that
the intensity of the B-line /(T) reduces with the onset of CO
due to the effect known as wipeout [20-24]. Recently, it was
shown that the wipeout in La; g75Bag 125CuQy is caused by in-
coherent spin fluctuations and the increase of NQR linewidth
[19]. To analyze our data systematically, every measured I(T)
dependence was corrected for temperature and then fitted to
a simple phenomenological function (tanh (T — Tj,)/w) +
1)/2, where Tj, is the mid-transition temperature and w is
the width of the transition. Clearly, 7}, is related to CO onset
temperature as Tco = CTj,, where the constant C = 1.055 is
set by the Tco value at zero strain (Tco = 54 K). The value
of C was kept the same for all strains as the width w and the
shape of the transition do not change with strain. Figure 2(b)
shows that the Tto is strongly suppressed by &[110;-

When the applied stress is sufficient to separate Tgo and
Tco from Tirr, one can observe all the characteristic tem-
peratures in TI’I(T) measurements alone. For example, in
Fig. 2(c) we show Tfl (T) dependence in a wide temperature
range at e[j10; = 0.4% where Tso and Tco are easily notice-
able. The small peak structure close to 56 K is attributed to
Tirr, which we have determined independently, and we will
discuss it later in the text. This measurement of TI_I(T) was
done on a different sample of the same doping, and as we can
see the characteristic temperatures match those determined
previously, which shows a high degree of reproducibility.

The behavior of Tl_1 under opjg; is in stark contrast to
that set by stress along [100] (oy100;) shown in Fig. 3. Here,
TI’I(T) is essentially unaffected, even at the highest stress
values. Hence, T5o does not change with g[1¢0). From the inset
of the figure we can see that this strain direction does not affect
Tco, either.
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FIG. 3. Temperature dependence of '*7,~' measured with stress
applied along [100] and H || [001]. Lines are guides to the eyes. The
inset shows the NQR measurements of copper B-line at oy;09;. Lines
are fits to the phenomenological function I(7) (see the text). The
legend shows the values of induced strain.

With Tl_l, we also measured the spectral features of the
139La central transition (shown in Appendix B) which showed
no anomalous change in linewidth or shape with temperature
and stress in the region of our measurements. Hence, we con-
clude that samples have only undergone elastic deformation
without reaching a plastic regime or cracking. Furthermore,
the distribution of 7} times, characterized by the stretching
exponent s of the relaxation curves, shows the characteristic
behavior observed in earlier studies [28].

The suppression of Tso by €[;10) is similar to that reported
by SR on an x = 0.115 doped sample for stress along a
specific direction aligned at an angle of 30° relative to the
Cu-O bond [32]. There, the authors reported a drop of Tso
values down to 30 K for o &~ 40 MPa, after which it reached a
saturated value that barely changes up to the highest stress
value of 90 MPa. However, at 1/8 doping the SO is more
robust [3,4,33], and this is why larger stress is needed to
equally suppress Tso. Our results reveal that the major effect

of SO suppression actually comes from stress along [110]
direction.

To check how stress influences the LTO-LTT transition,
we combined the measurements of TI’I(T) and the data of
voltage and capacitance measured at the strain cell. By low-
ering the temperature across Tirr, a clear anomaly is seen
in displacement (see Fig. 11 in Appendix C), caused by the
change in compressibility across the structural transition [26].
The anomaly is small enough not to influence the overall value
of applied stress but remains within the resolution of our mea-
surement setup. As mentioned earlier, the 7y rr(¢) dependence
is also confirmed by measurements of Tl_l, which shows a
small peak at Tyrr. Similar behavior has been observed [28]
at the HTT/LTO structural transition, and at the LTO/LTT
transition in La ¢sEug,Srg 15CuOy4 [9]. We found no notice-
able effect on the onset of the LTT phase with stress applied
along [110], as is shown in Fig. 4(a). However, stress along
the [100] direction causes a slow but definite suppression of
Tirr. This is qualitatively similar to what was observed [10]
in Laj 475Ndg 4S19.125CuQy, albeit of smaller size, since there
&nooy strain of ~0.046% reduced Tirr from 63 to 34 K. A
reason could be that the system is close [8,34,35] to a triple
structural transition point rendering 7;rr more susceptible to
external stress.

From these results, we generate the (in-plane)-stress con-
trolled phase diagrams depicted in Fig. 4. To the best of
our knowledge, this is the first time that one has traced the
behavior of all three temperatures under stress. For stress
gr1101 above 20.06%, Tco separates from Tirr, and Trrr — Tco
reaches 21 K at maximum strain—a dramatic change in the
behavior reminiscent of the situation in La; g, Eug,Sr,CuQOy4
where Tyrr & 130K and T reaches 80 K at x = 0.125 dop-
ing [36]. Up to this point, it was not possible to achieve a
similarly large difference between Tirr and Tgo in another
system at 0.125 doping. These data show that one can indeed
separate them by inducing the strain of a specific direction.

Looking back on Tl_1 data in Fig. 2(a), in an earlier study
[28] it was found that *°La TI’1 shows a magnetic-field-
induced anisotropy connected to the relative orientation of
spins [37] in the SO stripes with respect to the external mag-
netic field. In particular, in the SO state, Tl_1 is approximately
an order of magnitude larger for H || [001] in comparison to

(a) 60
55
50
45
¥ 40
= 35
30
25
20

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

hw ¢ ¢ 2 @ Tirr|]
@ T
L ® CO |]
i ) B Ty 1
L ® i
g L B g [} ® o
- ] -
]
» 1]

[110] strain [%]

(b) 60
55
50
45
¥ 40
=35
30
25

20

?Lgl 'ﬂ>'l'®l

@®

B Tir|]
@ T
B Ty

0.00 0.05 0.10 0.15 0.20 0.25 0.30

[100] strain [%]

0.35 0.40 0.45 0.50

FIG. 4. Strain-temperature phase diagram for H || ¢ and stress applied (a) along the [110] direction, and (b) along the [100] direction. The
data points are extracted from the data of Figs. 2 and 3 and show that oy;;) reduces Tso (blue) and To (green), even though the onset of
LTT structural phase remains the same (red). However, oy;0) does not change Tso at all, while 7jrr shows a mild drop. Lines are guides to
the eyes.
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FIG. 5. Temperature dependence of 7" measured with stress
onio) and H || [110]. Lines are guides to the eyes. The suppression
of Ty is greatly reduced. The legend shows the values of measured
strain.

H | [110] (or [110]). This difference is not caused by the
anisotropic hyperfine coupling since it would then be visi-
ble even in the paramagnetic state, but rather the anisotropy
reflects the property of the SO state. As was mentioned ear-
lier, the lack of increase of Tfl below Tso in Fig. 2(a) also
shows an unusual relationship between spin fluctuations and
magnetic field. To further clarify the nature of this anisotropy,
we applied stress again along the [110] direction, but this
time with H || [110]. The results are shown in Fig. 5: for the
unstressed sample, we reproduce the Tl_l values within the SO
phase from [28]. What is surprising, though, is that reorienta-
tion of the magnetic field drastically reduces the stress-driven
suppression of Tgo. With H || [110], Tso is reduced to only
32 K (which is AT ~ 5K from zero-stress value) at a [110]
strain of 0.49% (~0.9 GPa). This change in Tgo corresponds
to an overall rate of 10.2 K/% (~5.63 K/GPa), which is
significantly less than 27.5 K/% (=~15.2 K/GPa) obtained for
H | [001]. Clearly, the magnetic field along [110] reduces
the effect of stress and acts as a stabilizing factor to stripe
SO. This surprising result, seemingly unique to LBCO, has
been implied previously [28,37], but in this study it is directly
revealed.

Another observation can be made from Fig. 5 for €19 >
0.13%: in addition to the gradual shifting of Tyo to lower
temperatures, it can be seen that the Tfl values (i.e., spin fluc-
tuations) increase for T < Tgp, as is expected for suppressed
magnetic order. Hence, spin fluctuations now seem to depend
on T — Tso. This would indicate that the unusual anisotropy
of the SO fluctuations persists even under stress.

We have not explored how magnetic field influences CO,
since NQR measurements (performed in zero magnetic field)
allow us to isolate the copper signal for a specific doping
environment (B-line). When the magnetic field is applied, the
NMR lines start to overlap, and it is no longer simple to assign
changes in the spectra to a specific phenomenon of the stripe
physics.

IV. FREE-ENERGY MODEL

To address the markedly different strain dependencies of
the onset temperatures Tirr and Tco so, we consider a simple
Landau free-energy (LFE) model. A similar approach has
led to the development of the linear two-component order-
parameter model [38] to explain the doping dependence of
Tirr in LBCO [39], the stiffness constant softening observed
in ultrasound experiments [40], and the out-of-plane compo-
nent of magnetic moment in certain cuprate systems [41,42].
Although such a two-component approach was prevalent, it
lacked the higher-order contributions necessary to model the
response to symmetry-breaking in-plane strains. Thus, the
strain-related research on the iron pnictides shifted the focus
to the simpler, symmetry-defined, LFE models [43—45], which
helped to elucidate how the nematic order in iron pnictides
couples to the symmetry-breaking strains. We can apply the
same arguments to characterize the observed Tco so suppres-
sion in La1.875Ba0_125CuO4.

First, we focus on the SO transition revealed by the '**La
Tl_1 data. In the LTT phase, the La; g75Bag.125CuO4 crystal
point group is tetragonal Dy,; however, due to the octahe-
dral tilts along =£[100] crystallographic axes, for a single
CuQO; layer, the in-plane symmetry is reduced. We model
the LTT phase by introducing the structural order into the
Dy, symmetric planes. In the case of LBCO, both structural
(®p,,) and spin (Wp,,) order transform as the B, irreducible
representation of the unstrained sample’s point group Dyp.
One can readily use the same model to describe the observed
suppression of Tco, since both spin and charge order possess
the same symmetry.

The strain tensor components can be written as an in-plane
symmetric [SAlg.l = %(exx + &), By = &;;] and antisym-
metric [ep,, = %(sx,C — &yy), €B,, = &xy] linear combination
[46]. The out-of-plane shear strain components &, and ¢,.,
which form a two-dimensional E¢(1, 2) representation of the
group, are absent in our measurements and will be omitted
from the model. The minimal LFE model is given by

F =Fy + Fy, + Fyo + F;, (1)

where Fy = W3 a(T — Teoso) + W, b/2 are the usual LFE
terms (a, b > 0) which lead to the second-order phase tran-
sition, Fy, and Fye are spin/charge-strain and spin/charge-
structure coupling terms, respectively, and F; is the elastic
energy. To the lowest order in Wp, , we have

_ 2 2 2 2
Fye = aj€a,,, \I’Bzg + 0‘28A1g.2‘1’32g + :3‘9Blg‘ljﬁZg + v€p,, Vi,

@)

where the parameters «; and a, define the coupling strength to
the symmetric strain, and 8 and y to the antisymmetric strain.
The symmetry considerations allow for a quadratic charge-
and spin-structure coupling Fq(,%o’so) = 6613%;7g ‘lllzgzg, due to the
difference between charge (spin) and structure order wave
vectors. Finally, the elastic energy is given by

Fo =}, (Cuu + Ci2) + Cisel /2 + 5, (C1i = Cro)
+ 2C1384,,, €4y, + 2C6681232g. 3)
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As presented, LFE also captures the evolution of CO/SO
parameter magnitude |Wp, | with the changes in structural
order ®p,,, but this should not affect the Tcoso. Hence, we
will only focus on T so since we have no data to discuss the
magnitude.

The emergence of CO and SO induces spontaneous strains
in the lattice when cooled below Tco so, which form a rhombic
distortion, suggesting that the external rhombic [100] stress
[Fig. 1(c)] would only lead to a finite order parameter at all
temperatures [46], and a crossover instead of a phase transi-
tion (see Appendix D). However, the crossover of the CO and
SO transitions (detected by, e.g., temperature broadening) is
not visible in our measurements in Fig. 3, so we can conclude
that the coupling to the rhombic strain is minimal. On the
other hand, orthorhombic strain [110] breaks an additional
symmetry, introducing more terms into the electronic Hamil-
tonian, and it acts as a tuning parameter for the CO and SO
transitions.

Minimizing the LFE in Eq. (1) with respect to the order
parameter Wp, exposes a functional correlation between the
applied stress and both structural and spin transition tem-
peratures. Moreover, the intricate strain-order interaction will
cause the structural strain to appear in the ordered phase
without external stress (see Appendix D for more details).
For clarity, we have replaced all elastic constants C;; with the
appropriate elasticity parameters (Young moduli and Poisson
ratios).

V. DISCUSSION

We take applied stress as a control parameter to uncover the
Tcoso dependence on the measured strain. While below the
Tco.so the elastic constants are renormalized by the emergent
order [47], above the transition temperature the strain on the
sample depends only on its elastic properties. For stress along
[100], the dependence of the Tco so is then proportional to the
symmetric stress contributions:

0Tcoso  ai(l — vin) — 2e0vu

, “

dor100] 21001

where vi, and vy are in-plane and out-of-plane Poisson ratios,
respectively, and Y[jo0) is @ Young modulus along the [100]
axis. The lack of any observable change in the Tso and Tco
measurements under ojjoo; suggests that the two symmetric
stress contributions in (4) are either small or exactly cancel
each other out. In contrast, when applying [110] stress to the
sample, from (2), we expect the Tcoso(o) dependence to be
quadratic:

0 2
Tcoso(oqiio) = Téo),so + deroiio) + Beto(iigp, (5)

where o = 0Tco,s0/907100] [1.€., exactly expression (4)] and
Bett = —48/ (Giya). o and By are effective parameters from

ai, az, and B of the LFE model, with Gy, denoting the in-

plane shear modulus, and Tc(g),so is the CO (or SO) transition

temperature of the unstrained sample (see Appendix D). The
exact values of LFE expansion parameters o, o, and g for
either CO or SO are determined from the effective coeffi-
cients, and from experimental data, and they rely on a precise
quantification of the sample’s elastic properties.

p [GPa]
) . 08 1.2 1.6
55 | | I I |
i kb b
. -
of 4 . -
\ ®
| D> Teo(&100) ;
+ 4 Tco(gﬂo)
40 4 © " Teo(p) from [5]
%3
= ey . ] .
", = == -
’ -
uA| ®
A%~ .
30 ? E |
L 7] Tso(g100)
25 [ ) e |
© A= Teo(ermo), H I [110]
20 | . & Tso(p) from [4]
0.0 0.2 0.4 0.6 0.8

uniaxial strain [%]

FIG. 6. Tso and Tco suppression induced by different strains
(lower axis) and hydrostatic pressure p (top axis). The points are
experimental data showing either strain dependence from this work,
or hydrostatic pressure dependence from Ref. [4] (p > 1.2 GPa data
are omitted for clarity) and Ref. [S]. Full thick lines mark curves
fitted to the LFE model (see the text), while dashed lines are predic-
tions of Tcoso(p) calculated from the model. Curvy arrows indicate
hydrostatic pressure data (measured and calculated) should be read
on the top axis.

Using the elasticity data from [26], we apply the LFE
model to our SO measurements by fitting (4) and (5) si-
multaneously, and yield (shown in Fig. 6) o5 = —(0.3 +
1.0) K/GPa and ,82? = —(21.3 - 4.0) K/GPa? for the mag-
netic field aligned along the ¢ axis ([001]).

To test the validity of our model, we wish to use it to calcu-
late the expected Tso suppression under hydrostatic pressure
(p), and we compare it to the values measured in Ref. [4].
From the model, it follows that T5o(p) dependence is defined

as
0Tso  0Tso0  Q1Vou o

ap dorion) Yoo

Yjoona’ ©
The first term (i.e., aefr) characterizes the reaction to the in-
plane symmetric stress &4,,,, which we previously determined
to be negligible. Once elastic constants and Tso(¢) data are
inserted, we can calculate that the expected hydrostatic sup-
pression rate of % = —(3.9+2.1)K/GPa (dashed green
line in Fig. 6). This value fits nicely to the comprehensive (SR
data set. Data for higher pressures were omitted for clarity.
It should be kept in mind that the analysis is valid only until
additional degrees of freedom, not accounted for in the model,
start to contribute—e.g., interlayer coupling and suppression
of the LTT phase with pressure.

Once the magnetic field is oriented along the [170], it
reduces the T5o(o71107) dependence drastically. From the LFE
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model-based symmetry point of view, we can look at it in the
following way: qualitatively, we expect the in-plane magnetic
field H,,1y; to act on the Wg, magnetic order by breaking an
additional symmetry. Therefore, the subsequent application
of the in-plane stress is no longer symmetry-breaking, so
the observed suppression of the Tyo is diminished. Overall,
the effects of the magnetic field are twofold: the increase in
in-plane magnetization, which leads to a nonvanishing Zee-
man contribution to the free energy, and symmetry-breaking
realized by the rotation of the in-plane magnetic moments [37]
through a spin-flop transition. The Zeeman contribution seems
to be negligible since we do not observe a shift in Tso upon
field rotation from [001] to [110] at zero strain. To address
the spin rotation, we utilize an atypical two-component order
parameter represented just by the B, and By, antisymmetric

components:

(wg,g) _ (% cos<2¢>> o

\I—’Bzg \IJ() sm(2¢) ’

where Wo(H) is the field-dependent order-parameter mag-
nitude, and angle ¢ describes a continuous rotation of the
magnetic moments from the [100] and [010] directions to the
[110] direction. To the lowest order in W, this renormalizes
the quadratic suppression coefficient B¢ upon applying [110]
strain, while the behavior seems unchanged under symmetric
strains.

It would be interesting to utilize our model and reproduce
data in other systems. However, this is possible only if the
complete strain data (for both [100] and [110] directions) are
available. At the moment, only the present work has deter-
mined Tso(ep100;) and Tso(ep110)) dependencies. We can note,
nonetheless, that the same model holds for the hydrostatic
suppression of the CO observed in Ref. [5], and thus we can
repeat the analysis to predict Tco(p) using our Teo(e) data.
As we have shown in Fig. 4(b), the left-hand side of expres-
sion (4) is again negligible, which [when combined with (5)]
leads to the following values of coefficients: agf? =—-(=£
5)K/GPa and BS° = —(85 & 26) K/GPa?. The larger uncer-
tainty here probably stems from a small number of points
measured for Tco(epio0)) (the used sample was thicker than
others, and thus maximum strain was limited by the maximum
available stress our cell could apply). From these coefficients
we calculate the expected behavior of Tco(p) and show it as a
dashed magenta line in Fig. 6. One should note that the Tco(p)
data from Ref. [S] have large error bars for pressure values,
which lead to larger uncertainty in determined 7o values,
which is not shown in the figure. Nonetheless, the resulting
curve follows the experimental data reasonably well.

The disappearance of CO in La; g_,Eug,Sr,CuO4 has been
viewed as entropy-driven [36], since LTT sets in so high that
thermal energy destabilizes and melts the CO structure [24]
before Tco approaches Ty rr. In Laj g75sBag 12sCuOy, Trrr does
not increase with strain, so if the same mechanism is at work
it would mean that the LTT structure amplitude reduces with
strain, which unpins the CO and thus suppresses Tco from the
zero strain value of 54 K. This reduction of LTT amplitude
is indeed seen in a recent work [48] on an x = 0.115 doped
sample, but it will require a separate study to check if it applies
for the 1/8-doped sample.

One cannot help but wonder how stress along [001] in-
fluences SO/CO. However, as such a study has various
challenges, it is a topic for future work.

VI. CONCLUSION

In summary, using **La NMR relaxation rate 7,"' and
% Cu NQR spectra, we present a complete study of the phase
diagrams of stripe spin order (SO), stripe charge order (CO),
and LTT structure onset in La; g75Bag 125CuQy, set by in-plane
uniaxial strain (¢) in [100] and [110]. While the SO is more
robust than at x = 0.115 doping, for H || [001] oyji0; stress
dramatically suppresses Tso and no change is found for oj100;,
which limits the applicability of theoretical models. Moreover,
H || [110] stabilizes the spin order.

CO shows the same response to strain as SO—it is
suppressed by &[110) alone. The suppression decouples Tco
and Tirr temperatures for gpy19; = 0.06%, and at maximum
strain Trrr — Tco even reaches 21 K. This separation re-
veals the role of symmetry in connecting two seemingly
different doping phase diagrams—that of La,_,Ba,CuQO,4 and
La; g_yEup,Sr,CuOy4. Our results are understood using a
symmetry-defined self-developed Landau free-energy model
that simultaneously shows a good agreement with existing
data on hydrostatic Tso(p) and Teo(p) dependencies.
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APPENDIX A: TECHNICAL DETAILS OF THE
MEASUREMENT SETUP

In Fig. 7, we show a part of our measurement setup with
the sample and an NMR coil in a strain cell. The cell operation
and strain analysis are described in [25]. To gauge the uniaxial
stress transferred to the sample, we used a simplified model:

_ NAL

241y

where Y, is a Young modulus along a given axis, AL is a
measured displacement change, and [ is the initial size of

the sample along the strained dimension. The parameter A,
defining a lengthscale over which the stress is transferred to

the sample, is given by
2= /Yatd’
2G

Oa
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FIG. 7. NMR coil with the sample in the uniaxial cell.

where ¢ and d denote the thickness of the sample and epoxy,
respectively, and G is a shear strain modulus of the epoxy.
We assume the epoxy to be an isotropic elastic material, and
thus G = Yepoxy/(2 + 2v), where we take the Young modulus
and Poisson ratio to be Yepoxy = 15GPa and v = 0.3 [49].
Unfortunately, the elastic constants for LBCO at 1/8 doping
were not determined at cryogenic temperatures. However,
data for similar compounds such as LSCO [26] or LCO [40]
correspond to the transferred stress on the order of ~1.5 GPa
at the highest applied voltages. Finally, we have calculated the
relative strain loss to the epoxy:

AL — Algmpre 21
AL T

Noss =

which amounts to the loss 7 ~ 0.4 — 0.5 for all our
samples.

APPENDIX B: NMR DATA ACQUISITION INFORMATION
1. Lanthanum spectra

In Fig. 8, we show temperature corrected '**La NMR
spectra with uniaxial strain applied along the [110] axis for
a magnetic field along the [001] axis. We have observed no

12HT=44K TT=38K [110 strain]-
——0.00%
10 0.06% |
L 1 0.22% |
8 /\ 0.39%
6l il 1 \ (released) |
— / \ /”p \ 0.12%
Bl \ \ ]
S 2f / J \
%‘ 0 kasmermard \ SRS IS \ RN
e ! ! !
8 12qT=34K T=28K
C
= 10)
g8 s 1
6 . 4
) A !
2 /] \ il
/4,
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f[MHz]

FIG. 8. '*La NMR spectra (central transition) under different
[110] uniaxial strains, at chosen temperatures above and below Tso.

significant change in spectral width and frequency with the ap-
plied [100] or [110] uniaxial strain. We attribute a noticeable
decrease in the signal intensity across Tso to the enhanced lon-
gitudinal spin fluctuations near the spin-order transition. The
spectra differ at intermediate temperatures due to the varying
extent of the Tgo suppression with the applied [110] uniaxial
strain. At low temperatures (7T < 28 K), when spin fluctua-
tions under different strains become comparable [Fig. 1(a)],
the line shapes coincide again. The effect is most noticeable
at T = 34 K. Here, at low strains, the spectrum is measured
precisely, or a bit below Tgo, and thus the spectral intensity is
significantly diminished. The change in the signal intensity
is hardly noticeable at the highest strains, but it becomes
pronounced once again when the strain is released. When the
strain is released, the original line shape is recovered.

2. Lanthanum relaxation curves

The fitting of spin-lattice relaxation data of '*La
central transition was done wusing the appropriate
expression for the spin I=7/2 [15,16]: f(t)=
(1/84)e= /T 4 (3/44)e=©/T)" 4 (75/364)e15/T)" 4
(1225/1716)e=8/T’ " The phenomenological stretching
exponent s gives insight into the distribution of the relaxation
times T}, as is explained in the main text. In three panels of
Fig. 9, we show the relaxation data and fits for zero strain,
at temperatures of 30, 41, and 60 K. The temperatures were
selected to show the fit quality at three representative regimes
of relaxation that have different stretch exponent values,
further discussed in the next paragraph.

To accurately interpret the measured 77 NMR relaxation
data, we shall discuss the temperature and strain dependence
of the fitted stretch exponent s (Fig. 10). When we ap-
proach the spin-order transition temperature 5o for a given
strain, the s dips abruptly. This behavior has already been
observed in various cuprate systems, which exhibit a glassy
type spin-order transition [50,51]. We can see that the spatial
distribution of 7; times broadens significantly, but the stretch
exponent stays predominantly larger than the threshold value
of s ~ 0.5. It is therefore appropriate to analyze the fitted 7}
values as they always stay within ~20% of the distribution
median. Conversely, it is justifiable to take a fixed value of s
to facilitate the interpretation of the fitted 77 values [23].

APPENDIX C: OBSERVING THE LTO-LTT TRANSITION

Although the capacitive dilatometer of our strain cell has
lower sensitivity than custom thermal-expansion measure-
ment setups, it was sufficiently sensitive to detect a first-order
LTO-LTT structural transition. We performed an exhaustive
set of temperature sweeps at different uniaxial strains to char-
acterize a change in the structural transition temperature 7iyt.
We used two sweep rates, r; = 1 K/min and r, = 0.5 K/min,
with each data set measured for both cooling and warming,
while the piezo stack voltage was held constant. Therefore,
the observed displacement change should only come from the
thermal expansion of the strain cell or the change in the sam-
ple’s elastic properties. With the former being negligible in the
measured temperature range, we can easily follow a structural
transition as we increase the uniaxial stress on the sample.
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FIG. 9. Stretching exponent s fitted to our measurements. For clarity, we show only a subset of measured [110] strains with interpolated
cubic splines as guides to the eye. Change in s close to the transition temperature 7o is undoubtedly visible, and the strain dependence of the
observed dip follows the same pattern as the 77 data. The color-coded arrows mark Tso at respective strain.

When applying [110] uniaxial stress, the change in Tiry is
absent or too small to be revealed by this method. In contrast,
with the application of [100] stress, the sample displays a
gradual, linear suppression of the Tirr visible in Fig. 11. Ar-
guably, [100] stress promotes orthorhombicity and suppresses
the transition to the LTT phase.

To confirm our dilatometry measurements, we look for
the LTO-LTT structural transition in our 7, NMR measure-
ments. Using uniaxial stress along the [110] direction, we
suppress the spin transition down to Tso ~ 28 K, revealing a
discernible anomaly at Ty.rp ~ 56 K which roughly coincides
with the LTO-LTT transition. A similar feature was already
observed in LESCO [9], where the structural transition is
separated from Tgo at zero strain. In addition to the slight
increase in Tl’1 relaxation rate, there is a discernible dip in
stretch exponent s [Fig. 2(c)] below Tirr, which implies a
broader spatial distribution of the relaxation times 7. This is
consistent with the mixed phase associated with the first-order
structural transition.

stretch exponent s

FIG. 10. Stretching exponent s fitted to our measurements. For
clarity, we show only a subset of measured [110] strains with in-
terpolated cubic splines as guides to the eye. Change in s close to
the transition temperature T5o is undoubtedly visible, and the strain
dependence of the observed dip follows the same pattern as the 7;
data. The color-coded arrows mark Tyo at respective strain.

APPENDIX D: CALCULATION OF THE LANDAU
FREE-ENERGY MODEL

In the uniaxial strain experiment, it is advantageous to take
the external stress applied on the sample as an independent
variable. However, it is the induced strain that governs the
suppression of the spin (charge) order transition temperature
Tcoso, so it is essential to handle the stress-strain conversion
properly. In cuprates, and especially for LBCO and LSCO
[26,40], the elastic constants are given along the crystallo-
graphic axes of the high-temperature (HTT) phase. Suppose
we wish to construct our free-energy model in the LTT phase
where the spin order sets in. In that case, we must transform
the components of the stiffness matrix C using the familiar
fourth-order tensor rotation formula:

(D)

/
Ciji = cicjerciCijus

where coefficients c¢;, ¢j, cx, ¢; represent directional cosines
along the i, j, k, [ axes. In the transformation from the HTT

<
= O0F
I N
i3
S 5F -
g [100] strain 1
8 ——0.000% 1
G .10 f——0.001% ]
€ ——0.002% ]
g 0.006% 1
©-15 0.011% 1
® 0.016% ]
=3 0.021% ]
B0 0.040% ]
0.070% 1
25 [ 0.081% ]
——0.095% 1
——0.114%

50 51 52 53 54 55 56 57 58 59 60
TIK]

FIG. 11. The anomaly in displacement change (AL/AT) of the
strain cell measured in cooling (» = 1 K/min) for different applied
stresses along the [100] direction. The anomaly temperature coin-
cides with the structural transition temperature 7ipr = 57.5 K at zero
applied stress. For increased strain values shown in the legend, the
anomaly shifts to a lower temperature of 55.5 K.
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to the LTT crystallographic axes, we can limit ourselves to
the rotation about the z axis (6 = £45°). Equation (D1) can
then be condensed into a 6 x 6 rotation matrix:

c? s 0 0 0 2cs
§2 2 0 0 0 —2cs
R — 0 0O 1 0 O 0 ¢ =cosf
10 0 0 ¢ = 0 * s=sin6’
0 0 0 —s ¢ 0
—¢cs ¢ 0 0 0 2—42
(D2)

which acts on a stiffness tensor C'D = RCHTDRT, Finally,
to make the expressions more convenient to analyze and use,
we replace the stiffness constant by utilizing the relation

-1
(C(HTT,LTT)) _ QHTTLTD)

1 Vin __ Vout
Y[l(\)}U] - Yl[mOJ Y‘[)loo] 0 0 0
Y [llr?m Y ool - Yf;):ol 0 0 0
— Your _ Vout 0 0 0
— Yi100) Yooy Yoon) D
0 0 0 & 0 oY (®3)
0 0 0 0 & 0
0 0 0 0 0 Gl
Xy

where the elastic compliance matrix S is given in terms of
Young and shear moduli (¥100; = 233 GPa, Yjoo1; = 176 GPa,
G, ~ Gy, = 66.4 GPa) and Poisson ratios (vi, = 0.18, vou =
0.27). In this work, we use elastic stiffness constants given for
the LTT phase when setting up the model, but then we express
the results using the elastic parameters of the HTT lattice. The
reason for this is twofold: the sample is oriented and glued
into the strain cell with respect to the HTT axes, and we can
readily use the elastic data from other sources to gauge the
induced strain and expected Tco so suppression.

To accentuate the role of the symmetry-breaking stress
on the transition, we use (anti)symmetrized strain compo-
nents &u,,, = %(sxx + &), €a,, = &z, and ep, = %(sxx —
Eyy)s €B,, = Exy- From here, we construct a model taking into
account five contributions to free the energy:

F =Fy + Fy, + Fyo + F, + F;,
Fy = W3, a(T — Tso) + V3, b/2,
Fye = aj€a,,, ‘I’f;zg + e, \Dgzg + ﬂgélg\pgzg
+ vés,, Va,,,
Fio % =805 W,
F = 8/2;]g_] Cn+C)+ C338/2hg,z/2 + 8§Ig(C11 —Cp)
+2C1384,,,84,,, + 2C668§23,
Fo=—0-¢, (D4)

where \IJZ%ZV represents an emergent spin order that trans-
forms as a By, irreducible representation of a Dy, point
group, and ®p, is a structural order parameter taken to
be temperature-independent for reasons listed in the article.
All the contributions contain the lowest-order terms in or-
der parameters, with coupling constants expressed as o, a2,

B, v, and 6. a and b (a,b > 0) are the standard Landau
expansion parameters. The last, elastic energy contribution,
sets the strains as a function of the applied uniaxial stress.
At the minimum of the total free energy in the absence of
the spin/structural order, F, must be exactly equal to the
quadratic form in strains F;.

We can find the equilibrium strain as a solution to the set
of minimization conditions g—g = 0 given for all the symmet-
ric and antisymmetric combinations of the strain. Evaluating
the solution at ojg0) = 0 GPa or oyy19; = 0 GPa implies the
emergence of spontaneous strains when the system enters an
ordered phase:

‘I’ézg[(vin — Doy + 2vgua0]

Fhis = 2¥100) ’
‘lflzgzg(—Y[loo]Olz =+ Y0017 Vour®1)
Fhis2 Y1001 Y0011 ’
en, = — W,y (Vin + 1)
8Y1100]

SB]g = 8Eg(1) = 8Eg(2) = 0 (DS)
Introduction of the equilibrium strain into the free-energy
model and minimization with respect to the order parameter
Wp,, results in a third-order polynomial in Wp, , with a single
real solution. One may argue that the complex solutions to
the order parameters are standard; however, we must disregard
them as we have taken Wp,, as the order magnitude, and we
have allowed for a linear coupling in Wg,, . Therefore, such a
solution would yield a nonphysical complex free energy.

The real solution for the stress oji00; applied along the
[100] axis implies that the Tcoso is suppressed in a linear
fashion:

0Tcoso (1 —vin)ar  vout2

2Y00a Yioma

= flar, ). (D6)

901100]

Here, we observe that coupling constants § and y are absent;
thus, only the induced symmetric strains govern the suppres-
sion. We will encounter this expression multiple times, and
therefore we define it as a function f(«;, az). We purposefully
consider Y[joo) as a constant in f(«y, or2) since the following
expressions can always be expressed using exactly Yjjoq;, irre-
spective of the direction of the applied stress. As noted in the
article, we do not observe a measurable change in either 75 or
Tco with this sample orientation, so that we can approximate
f(a1, az) =~ 0K/GPa. When the stress o110 is applied to the
sample, both Tgp and T¢o suppression rates are quadratic in
ori10;- The linear term has the exact form as with the oy
stress, while the quadratic part depends on the sample’s shear
modulus Gyy:

2
Sflar, a2)ori100 — 50110

ATcoso(or110)) @ a
xy

48 o2
T2 o
Gya

%

D7)

The Tcoso suppression under the hydrostatic regime can
also be expressed using f(«j, ay), so we can reduce the
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dependence to

8T Vout®1 (0%}
CO0O,SO _ f(Oll, Olz) __ Vout +
ap Yioma  Yioona
. VoutX¥] o) (DS)
Yiooiea — Yioonja

Note that the symmetric strain contribution f(o, op) is
present in both expressions for the Tcoso suppression rate.
However, as discussed eatlier, it seems to be negligible.

Now, we turn our attention to the model extension, which
describes the effect of the external magnetic field. The stan-
dard way of treating the in-plane external magnetic field is
to include a Zeeman contribution Fzeeman = uH - m(Wp, ),
where m(Wp,, ) represents a magnetic moment associated with
the order parameter Wg,, . Unfortunately, it is immediately
evident that such a contribution would lead to a change in Tso
at all strains. In our model, we propose a two-component order
parameter by introducing in-plane order parameters which are
defined by different symmetry properties: Wp,, transforms as
By, and Wp,, transforms as By, representation of the Dy, point
group. We proceed to write down the Landau model in the
absence of strain up to the fourth-order invariants:

b(Vi + Wi )
Fy = a(T = Tso)(Vp, + ¥5,) + ——5——
+cWp Wi

Here, we realize that the assumption ¢ & b allows for a
convenient reparametrization of the order parameters:

W, _ (Wocos(p)

Vg, W sin(p) )’
where W, represents a total order magnitude, and ¢ is an
angle that defines the mixing of the two components. The
minimization of the proposed Landau model with respect to

Wy determines that the spin order Wy = +/a(T — Tsp)/b sets
in strictly at Tgo irrespective of the component mixing angle

(D9)

@. The crucial difference from the single-component model is
that we must include all the strain-coupling to the lowest order
of Wp, and Wp, :

— 2 2
Py,  =aniéa, Vg, +o2iéa,, Vg,

+ Baes, Vi, + Bues, Vs, (D10)
Fy,, = anéa,, ‘I’ézg + 02084,,, Wézg
+ Biags, W, + Bren, Vi, (DI11)

where coefficients «;; define coupling strength to the symmet-
ric strain, and B;; to the asymmetric strain (we take the first
index i to refer to the strain component, e.g., i = 1 — EAjgrs
and the second index j to refer to the symmetry of the order
parameter). The spin-structure coupling and the elastic energy
contribution are left unchanged.

With the introduction of the order parameter reparametriza-
tion and the minimization of the free energy with respect to
Wy, in the case of the oy;1¢; strain, we obtain

ATso(op110) @) = [f (11, a21) sin® ¢

+ f(a12, a22) cos® glono
_ Bi2 cos? (p) 2

o2 (D12)
2 110
Gyya

We have already demonstrated that the suppression rate
f(aya, o), related to the Up,, spin order, vanishes, but one
should not assume the same for the f(c1;, @z ) rate. Neverthe-
less, by fitting the quadratic function to our measurements, we
can show that the quadratic suppression constant B is indeed
reduced by some factor cos’ ¢. Finally, more experimental
data are needed to get the exact dependence of the mixing
angle ¢ on the orientation of the applied in-plane magnetic
field. However, by looking at the crystal symmetry, we must
assume that the model is symmetric to rotation by ¢ = 90°
when the spin stripe direction coincides again with Cu-O
bonds. To correlate the model to the structure, in the main
article we use the reparametrization with ¢ = 2¢.
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